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Viral integration is a widely conserved characteristic in viruses in all domains of life; however, its necessity is not well understood in many
cases. Integration using tyrosine recombinases is one of the most widespread and best characterized mechanisms of integration. We completely
removed the tyrosine recombinase integrase from the hyperthermophilic and acidophilic archaeal virus SSV1 using a novel LIPCR technique and
found that the virus still replicated and spread in its host Sulfolobus solfataricus without integration. The mutant virus maintained a persistent
infection but the integrase-lacking virus was less competitive than the wild-type virus when co-cultured. Based on these results, we discuss the
necessity of integration and the possible advantages of this type of replication strategy.
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Integration of virus genomes into their host's genome is a
widespread and conserved characteristic seen in viruses
infecting humans to bacteria. Mechanisms of integration have
been studied extensively (e.g. Biswas et al., 2005), but the
evolutionary advantages that have led to this common
characteristic in so many viruses have not. Integration may
enhance the odds of the survival of the virus's genetic
information. It may be a driving force in lateral gene transfer
by allowing non-homologous recombination to occur (Klein et
al., 2001; She et al., 2004; Sullivan et al., 2006; Williams, 2003;
Woese, 2002). This lateral transfer is particularly important in
prokaryotic systems, where lack of a sexual lifestyle leaves
lateral transfer as the primary mode of recombination (Brussow
et al., 2004).
Integration in many viruses is accomplished by a member of
the tyrosine recombinase family of proteins, the integrase. The
tyrosine recombinase protein family shares conserved motifs
and mechanisms found in all domains of life. Members of this
protein family span a large range of functions, such as⁎ Corresponding author. Fax: +1 503 725 3888.
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doi:10.1016/j.virol.2006.11.003topoisomerases, resolvases, restriction endonucleases, and
regulators of gene expression, as well as integrases (Nunes-
Duby et al., 1998).
The tyrosine recombinase integrases differ from the retro-
viral integrases, transposases, and recombinases used by viruses
such as phage Mu, retroviruses, and adeno-associated viruses as
well as various insertion elements. While many of these protein
complexes carry out essentially the same function of recombi-
nation with the same chemistry of strand trans-esterification,
the mechanisms used are unique. The integration in many cases
is not site-specific, and the proteins involved do not show
homology to the tyrosine recombinase family of integrases (for
an overview of the differences see Craig, 2002). The
observation of multiple apparently independently derived
integration mechanisms argues strongly for the importance of
this process in viral replication.
Viral integration by tyrosine recombinases into bacterial
genomes has been the subject of intense study for many years,
particularly in the phages lambda and P2 (Austin et al., 1981;
Birge, 1994; Biswas et al., 2005; Gottesman and Weisberg,
2004; Swalla et al., 2003). However, there has been little study
of viral integration in the domain Archaea despite the
abundance of unique viruses found particularly in the
Crenarchaea (Stedman et al., 2005; Prangishvili et al., 2006)
and the presence of putative integrases and proviruses in
Table 1
Strains and plasmids
Description Citation
Strain
S. solfataricus P2 Wild-type DSM1617
S. shibatae B12 Wild-type DSM5389
Stbl3 E. coli F− mcrB mrr hsdS20(rB−, mB−)
recA13 supE44 ara-14 galK2
lacY1 proA2
rpsL20(StrR) xyl-5 λ- −leu mtl-1
Invitrogen
Plasmid/virus
SSV1 Wild-type virus Schleper et al.
(1992)
pKMSD48 pBluescript II SK+ in SSV1
(Sau3AI selection)
Stedman et al.
(1999)
pAJC97
(wild-type vector)
SSV1 portion of pKMSD48,
cloned into TOPO PCR Blunt II
This work
pAJC96 (ΔInt vector) pAJC97 with integrase
gene removed
This work
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et al., 2001a).
In what is arguably the best-characterized viral integration
system, bacteriophage lambda, it was shown more than 50 years
ago that the integrase gene is not required for viral replication.
Mutants lacking a functional integrase gene are able to function
as a lytic phage but lack the ability to integrate as a provirus in
Escherichia coli. Furthermore, these viruses can exist as an
inactive plasmid in a lysogenic state known as abortive
lysogeny (Lieb, 1953). In the absence of induction, however,
this virus can be cured from cultures on extended growth. It is
thought that as the cell divides these virus genomes and their
associated proteins are diluted, destroying the cells immunity to
reinfection and the ability of the virus to escape lysogeny (for a
review see Gottesman and Weisberg, 2004). This differs from
the complete necessity of integration required by retroviruses
and phage Mu. By their nature, retroviruses require an
integration step following the reverse transcription of their
genomes, as these viruses can only replicate after integration.
Phage Mu also requires integration as it combines replication
and integration into new sites by a cointegrate mechanism
(Chaconas et al., 1981).
The genus Sulfolobus consists of many species that inhabit
environments with temperatures above 70 °C and pH below 3
(Boone et al., 2001). From a molecular standpoint the most
extensively studied species in this genus is Sulfolobus
solfataricus, one of the few Crenarchaea to have its genome
completely sequenced (She et al., 2001b). This species has
become a paradigm for molecular studies in thermophilic
Crenarchaea (e.g. Duggin and Bell, 2006).
Only recently have viruses of the kingdom Crenarchaea been
the focus of molecular study. The best characterized virus
family is the Fuselloviridae, of which Sulfolobus spindle-
shaped virus 1 (SSV1) is the type species (Fauquet et al., 2005).
Isolated from a sulfur spring in Beppu Japan, its host is Sulfo-
lobus shibatae, a species closely related to S. solfataricus
(Grogan et al., 1990; Yeats et al., 1982). Similar to phage
lambda, SSV1 viral production can be induced by UV
irradiation. Induction increases viral production from a basal
level to an amount approximately two to three orders of
magnitude higher (Martin et al., 1984). The viral genome is
present in infected strains as both an integrated provirus and as a
circular episome (Martin et al., 1984; Schleper et al., 1992). The
virus genome is packaged as a circular positively supercoiled
DNA (Nadal et al., 1986). Despite extensive study including
crystallization of two of the 34 open reading frames (ORFs),
definite function has been shown for only four of these ORFs,
one of which is the integrase gene (Kraft et al., 2004a, 2004b;
Wiedenheft et al., 2000).
Of all the ORFs in the four publicly available SSV genomes
(Wiedenheft et al., 2000), only one gene shows clear similarity
to genes outside of the family Fuselloviridae, the integrase
gene. A unifying feature of all studied Fuselloviridae, the SSV
integrases share weak sequence similarity to the well-character-
ized integrases in the tyrosine recombinase family (Nunes-Duby
et al., 1998). These similarities group in the C-terminal domain
around the active site (Letzelter et al., 2004).Study of SSV1 viral integration shows it to occur specifically
in the 3′ end of the host arginine CCG tRNA gene in both S.
shibatae (Yeats et al., 1982) and S. solfataricus (Schleper et al.,
1992). In vitro studies show the integrase is capable of
transferring a phosphodiester bond from host to viral attachment
sites (attA and attP respectively) and can carry out the reverse
reaction (Muskhelishvili et al., 1993; Serre et al., 2002). Further
in vitro examination of mutations in the SSV1 integrase show a
group of residues conserved in tyrosine recombinases are
essential for recombination (Letzelter et al., 2004). These
residues are similar to those seen in most well-characterized
integrases such as those found in lambda, but the mechanism of
cleavage in trans seems to be more similar to the Eukaryal Flp
recombinase (Letzelter et al., 2004).
While the mechanisms of the SSV1 integrase protein have
been studied in vitro, its role in vivo is not clear. It is not known
if integration is a critical part of virus replication or of the
mechanism involved in induction and/or excision of the
provirus. Finally, the advantage, if any, of integration into the
host genome is not clear. To investigate these questions we
deleted the integrase gene using a recently developed long
inverse PCR (LIPCR) technique and tested the resulting virus in
S. solfataricus.
Results
SSV1 is infectious without an integrase gene
All Fusellovirus genomes contain an integrase gene. This
conservation suggests that the gene is essential for virus
function. To investigate the necessity of the viral integrase
gene in replication we first created an E. coli/S. solfataricus
shuttle vector containing the entire SSV1 viral genome with a
TOPO PCR Blunt II plasmid inserted into it (pAJC97)
referred to hereafter as the wild-type vector. We used this to
generate an otherwise identical shuttle vector lacking the
integrase gene (pAJC96) referred to hereafter as the ΔInt
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gene in a polycistronic transcript, consisted of the deletion of
the sequence beginning at the start codon of the gene to the
end of the stop codon. The integrase gene is 15 bases
downstream of the closest open reading frame in the
polycistronic transcript and 15 bases away from the end of
another ORF located in another transcript of opposite
orientation (see Fig. 1A). Construction of the shuttle vectors
used our recently developed LIPCR method (Clore and
Stedman, 2005) (Fig. 1). These and similar shuttle vectors,
differing only in their E. coli plasmid, replicate in S.
solfataricus in a manner indistinguishable from wild-type
viruses (Stedman et al., 1999). After conformation of the
integrase deletion by PCR, both shuttle vector constructs were
transformed into S. solfataricus strain P2 by electroporation.
As an initial screen for virus function, S. solfataricus cells
transformed with theΔInt vector and those transformed with the
wild-type vector caused halos of growth inhibition when
spotted on uninfected lawns of the S. solfataricus strain P2
(Fig. 2A). Halos appeared on lawns 96 h post-transformation
and were present ubiquitously at later times.
To confirm that the zones of inhibition were caused by the
presence of the ΔInt vector, restriction analysis was carried out
on extrachromosomal DNA prepared from the transformed
cells. Only the predicted sized bands were seen (data not
shown). PCR was also used to amplify fragments of the viral
genome surrounding the integrase gene from the same DNA
preparation using primers Int F and Int R flanking the integrase
gene (Table 2) (Fig. 2B). Finally, transmission electron
microscopy of cultures transformed with the ΔInt vector were
observed to have virus particles with morphology very similar
to wild-type (Fig. 2C).
To confirm no changes to the viral genome had taken place
during this study viral DNA was isolated from S. solfataricus
cultures infected with ΔInt vector and transformed back into E.
coli. Plasmid preparations were made from six independent
clones after transformation. All of these colonies showed the
appropriate restriction fragments indicating the presence of the
unchanged ΔInt vector. Sequencing of this DNA revealed noFig. 1. Long inverse PCR (LIPCR) amplification to create integrase lacking virus
(Finnzymes). (A) For the amplification of the integrase containing shuttle vector (pAJ
of pBluescript in plasmid pKMSD48. The amplicon was then ligated into Invitrogen's
type vector) as template with primers flanking the integrase gene in black (see Table
vector. (B) Agarose gel of LIPCR products amplified with M13 primers. Lane 1:
GeneRuler 1 kb DNA ladder (Fermentas).changes in either the area of the TOPO plasmid insertion or the
integrase gene deletion.
SSV1 lacking an integrase gene does not integrate into the host
genome
While removal of the integrase gene is expected to abolish
integration of the virus, there is the possibility that the virus may
be able to integrate using host recombinases. Therefore
integration into the wild-type attA site, located in the arginine
CCG tRNA gene, was tested with PCR using a host-specific
primer and virus-specific primer that flanked the integration site
(provirus and Int F, Table 2). No amplification was seen with the
DNA isolated from cells infected with the ΔInt vector, while
cells infected with either the wild-type vector or the wild-type
virus show amplification products (Fig. 3). Southern hybridiza-
tion assays using the virus genome downstream of the
integration site as a probe also show no indication of integration
of the ΔInt vector elsewhere in the genome (data not shown).
SSV1 lacking an integrase gene persists in culture
The lack of an integrase gene may cause SSV1 to be lost on
extended cultivation, since there is no selection for main-
tenance. This is the case in phage lambda with defective
integrase, which is cured from cultures if not continuously
induced (Lieb, 1953). To test if the SSV1 constructs lacking the
integrase gene are less stable than those containing it,
transformants containing both constructs were grown in
constant, non-inducing conditions. The infected strains were
grown for 24 days, approximately 70 host generations. After
24 days, cultures infected with either the ΔInt vector or the
wild-type vector retained the ability to form plaques on lawns
and to show amplification of the area surrounding the integrase
gene using the Int F and Int R primers (Table 2).
A further test of the ability of the virus to persist was carried
out by subjecting the virus to a low temperature. Sulfolobus are
often found in small ephemeral springs (Siering et al., 2006).
These springs frequently and rapidly change temperature andes. Grey circles represent amplicons. Amplification used Phusion polymerase
C97, wild-type vector) M13 primers were used to amplify outward from the ends
TOPO PCR Blunt II vector. Construction of pAJC96 (ΔInt) used pAJC97 (wild-
2). This amplicon was ligated to itself to create an integrase-lacking viral shuttle
pAJC97, wild-type vector (15.5 kb); lane 2: pAJC96, ΔInt vector (14.5 kb).
Fig. 2. The integrase gene in SSV1 is not essential. (A) Gelrite plate showing halos of growth inhibition produced by transformed cultures on an uninfected lawn of S.
solfataricus. (B) PCR amplification of total DNAs isolated from transformants using primers Int F and Int R flanking the integrase gene. Lane 1: S. solfataricus
transformed with wild-type vector. Lane 2: S. solfataricus transformed with ΔInt vector. Lane 3: S. solfataricus transformed with wild-type SSV1. GeneRuler 1 kb
DNA ladder (Fermentas). (C) Negatively stained transmission electron micrograph of culture supernatant from S. solfataricus transformed with ΔInt vector. Bar
represents 50 nm.
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temperatures far below their ability to metabolize. To test if the
ΔInt vector persists in culture under these conditions, infected
cultures were removed from the normal growth temperature
(80 °C) and placed at room temperature (22 °C) for 1 month. At
this temperature, S. solfataricus is not metabolically active
(Grogan, 1989). After the culture was diluted 1:200 in fresh
media and placed at 80 °C, host growth was seen within 24 h.
After 72 h viral infection was detected by amplification of viral
DNA using the Int F and R primers as described above. The
culture also produced halos of growth inhibition when spotted
on uninfected lawns of S. solfataricus. Furthermore, cryogeni-
cally stored cultures retain the integrase lacking virus strains.
Together, these data suggest that the virus is stably maintained
in the absence of induction and in active and inactive cultures
despite lacking the ability to integrate.
SSV1 containing the integrase gene out-competes those without
The SSV1 integrase gene is not required for virus replication
or maintenance, yet is present in all known Fuselloviridae
genomes. This suggests that the integrase may give viruses
containing it a competitive advantage. However the reduction in
genome size by seven percent due to the deletion of the
integrase gene could also be advantageous. To test the genome
reduction hypothesis we performed competition assays with a
viral shuttle vector (pKMSD48) and the wild-type virus. These
assays show that the wild-type virus out-competes the shuttle
vector virus within 35 host generations (data not shown). TheTable 2
Primers
Primer name Sequence
Int F 5′-ATGGTAAGGAACATGAAGATGAAGAAGA
Int R 5′-TAGAATACAAGGTGGACAAATGAGTCCT
M13 R 5′-CAG GAA ACA GCT ATG AC-3′
M13 F 5′-GTA AAA CGA CGG CCA GT-3′
Int LIPCR F 5′-CGTCTTATCTTTCGTCATTTCACCTGGTAC
Int LIPCR R 5′-GGGGTCTGACAGGCGCCGTATCACTATC-
Provirus 5′-AACGTTACCGGAGATGTTGC-3′
AttA 5′-GACATAATTATACGTGAAAGAAAAGGGCdecrease in competitiveness of the shuttle vector is attributed to
the extra 2.9 kb of plasmid DNA present in the shuttle vector.
In order to directly compare the ability of wild-type vector
and ΔInt vector to replicate and spread, we co-cultured cells
infected with the two strains at three different ratios, 1:1, 1:10,
and 10:1. Under normal growth conditions of 80 °C, pH 3 with
cells in logarithmic growth, the ΔInt vector was out-competed
by the wild-type vector to the point that the ΔInt vector was not
detectable by PCR in the culture within 96 h, or 12 host
generations (Fig. 4).
Discussion
The study of the replication of SSV1 in its hyperthermophilic
archaeal host Sulfolobus provides a unique contrast to many of
the well-studied integration systems such as bacteriophage
lambda and P1. Our study shows that removal of the integrase
gene from the SSV1 virus did not stop the virus from replicating
normally and infecting new cells, as demonstrated by the
appearance of halos of growth inhibition on lawns of uninfected
S. solfataricus. The only exception is the inability of the virus
lacking the integrase gene to integrate into the host genome.
Therefore viral integration is an optional step in the replication
of SSV1 and probably all Fuselloviruses. Viruses that lack the
entire integrase gene are able to maintain infection in cultures
under conditions ranging from exponential cell growth to
cellular inactivity by persisting as an episomal plasmid. This
suggests that the virus is able to replicate and partition its
genome after replication in the episomal state, and thatDescription
G-3′ Amplifies area surrounding integrase gene
TC-3′
Amplifies integrase positive virus
TATTATGG-3′ Amplifies integrase lacking virus
3′
Amplifies provirus with Int F
G-3′ Amplifies empty AttA site with provirus
Fig. 4. Competition between viruses with and without an integrase gene. PCR
using primers Int R and Int F flanking the integrase gene. Templates were total
DNA from co-cultures at indicated times. Bands corresponding to the size
predicted for ΔInt vector and wild-type vector are labeled. Lanes labeled A are
PCR products from templates isolated from co-cultures contained starting ratios
of 10 parts S. solfataricus transformed with wild-type vector to 1 part
transformed with ΔInt vector. Lanes labeled B contained a co-culture ratio of
1:1; lanes labeled C contained a ratio of 1:10. The far right lane is a no-template
PCR control.
Fig. 3. Proviral integration. (A) Cartoon of provirus (white) integration into host
chromosome (grey) and the location of the primers used. (B) PCR products from
DNA isolated from transformed S. solfataricus. Lane 1: uninfected host; lane 2:
wild-type SSV1; lane 3: wild-type vector; lane 4: ΔInt vector; lane 5: no
template. GeneRuler 1 kb DNA ladder (Fermentas).
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functional virus. This lack of a requirement for integration is
unlike the eukaryotic retroviruses and bacteriophage Mu that
absolutely require integration for replication. It is also unlike
phage lambda which, like SSV1, uses a tyrosine recombinase,
but cannot be stably maintained without integration in the
absence of constant induction (Lieb, 1953).
The role of integrase in excision of the SSV1 provirus is
intriguing since the viral attachment site, attP, is located within
the integrase gene. Therefore integration of the virus disrupts
the integrase gene. This would seem to pose a problem for
provirus excision, which is often a function of the integrase.
With the exception of integrase genes found some Myxophage,
internal att sites in SSV integrases are unique among integrases
(Julien, 2003; Magrini et al., 1999). The myxobacteriophage
Mx8 and Mx9 integrase is unlike the SSV integrases in that the
attP site is located approximately 30 amino acid residues from
the C terminus of the coding sequence, leading to minimal
change in the integrase after the disruption, possibly regulating
prophage excision. In contrast the SSV1 attP site is located
within 66 residues of the N terminus and upstream of all
residues shown to be critical for enzymatic activity. How the
virus solves this conundrum or whether the SSV1 provirus is
ever excised is as yet unknown.
While replication of the virus is clearly possible without
integration its effect on fitness is less clear. To determine this we
tested the ability of the non-integrating virus to compete with an
integrating one in co-culture. These co-culture experiments
show that the viruses containing the integrase gene have a
distinct advantage over those without. No ΔInt vector was
detectable after 12 generations of co-culturing with the wild-
type shuttle vector (Fig. 4).
In contrast, we have observed that the addition of extraneous
DNA to the wild-type virus gives a competitive disadvantage
possibly due to the increased replication time needed to copy
larger genomes, a trait seen in other viruses and plasmids
(Turner and Chao, 1999). With SSV1 this was seen by co-
culturing wild-type viruses with the shuttle vector viruses that
contain a bacterial plasmid, resulting in the wild-type virus
dominating within 35 generations. Similar but more pro-nounced results were observed with SSV1-based shuttle vectors
containing large inserts which were unstable in S. solfataricus
(K. Stedman, unpublished; Jonuscheit et al., 2003).
Because little is known about the mechanisms and rate
limiting steps of SSV1 virus replication and spread, the reason
for the loss of the ΔInt vector in co-culture is not clear. Several
possibilities include more efficient reinfection of transiently
cured cells by the wild-type vector, a faster growth rate of cells
infected by the wild-type compared to those infected byΔInt, or
displacement of the ΔInt vector by the wild-type vector.
In considering possible reasons for the advantage of
integration by SSV1 there are some possibilities we can rule
out. Transcriptional regulation of provirus genes from host
promoters, particularly the tRNA gene upstream of the attA site,
is not likely to occur. All of the proviral genes are transcribed
divergently from the central region of the provirus (Reiter et al.,
1987). From the tRNA promoter a non-coding transcript would
have to extend for approximately 6.5 kb before reaching an
ORF orientated in the proper direction. An increase in apparent
host fitness is not observed with either the ΔInt vector or the
wild-type vector. This is demonstrated by the reduction of host
growth resulting in turbid plaques on infected lawns and
decreased growth rate in liquid media when cells are infected
with either the wild-type vector or the ΔInt vector. We also do
not believe that the removal of the integrase gene disrupts the
function of other viral genes as the integrase gene is located at
the end of a polycistronic transcript (Reiter et al., 1987).
Additionally the insertion of an E. coli plasmid genome in this
transcript does not seem to affect virus function or integration
(pAJC97 and Stedman et al., 1999).
One of the most intriguing questions involving integration,
and in a more general sense lysogeny, is what benefit entering
a lysogenic state confers compared to a purely virulent
lifestyle. The widespread distribution of viruses that integrate,
and the conservation of the mechanism of using tyrosine
recombinases to accomplish this suggests that integration and
lysogeny are indeed beneficial. Several hypotheses have been
proposed that support this idea. One hypothesis, put forth by
Echols is that long-term maintenance of the virus is increased
with the ability to integrate (Echols, 1972). This long term
maintenance is seen in the SSV viruses, which are stable in
their host under a variety of conditions. Furthermore, when
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infected cells in all of the progeny show integrated viruses.
Using PCR we were not able to detect cells lacking
proviruses. On the other hand, mixed cultures after transfor-
mation showed a mixture of provirus containing cells and cells
lacking a provirus even after weeks of growth (Fig. 5). It is
unclear if this is due to the kinetics of virus spread or
immunity in a subpopulation of the host cells.
A second hypothesis supporting lysogeny put forth by
Levin et al. is that under low cell densities virulent viruses
would have a disadvantage in leaving the host in the when
the chances of finding new hosts are poor (Levin et al.,
1977). This may be particularly relevant to the high
temperature acidic environments inhabited by prokaryotic
hosts such as Sulfolobus. While typical cell densities range
from 106 to 108 cells/ml in these springs (Siering et al.,
2006), the amount of free virus particles observed using
culture-independent techniques are much lower than all other
examined environments (Ortmann et al., 2006). SSV viruses
themselves are not tolerant of the high temperature conditions
in which there hosts thrive and lose infectivity within minutes
when stored at high temperature acidic conditions (S. Morris,
R. Diessner, S. Lee and K. Stedman, manuscript in preparation).
Together these observations suggest that while cell densities in
these springs may be normal the ability of viruses to move
from one cell to the next may be poor, and that vertical
transmission of the virus in these cases may be particularly
beneficial.
A third theory is that lysogens may aid in the fitness of the
host, by the result of added genes and/or the impartment of
immunity to superinfection. Horizontal gene transfer can result
in the addition of genes beneficial to the host, such as the
presence of pathogenicity islands and the prevalence of virally
encoded virulence factors (Abedon and LeJeune, 2005), the
addition of metabolic genes (Klein et al., 2001), and the
evolution of DNA replication enzymes (Filee et al., 2003).
Within the Sulfolobus, evidence of host and viral gene transfer
has been observed suggesting a long and complex history
between the viruses and their hosts (Garcia-Vallve et al., 2000;
Prangishvili et al., 2006; Reiter and Palm, 1990). Remnants of
horizontal gene transfer mediated by integrases can be seen in
the defective proviruses integrated in the genomes of Sulfo-
lobus and other extreme thermophiles (Prangishvili et al.,
2006; Reiter and Palm, 1990; She et al., 2001a), the evidence
of N- and C-terminal integrase fragments separated by a pRN-
like plasmid element in the genome of S. solfataricus (Peng etFig. 5. Integrase lacking virus cannot integrate. PCR products showing empty
attachment sites and attachment sites containing virus in S. solfataricus total
DNA extracts: A, uninfected culture; B, SSV1-infected culture grown from a
single cell; C, culture transformed with wild-type vector; D, culture transformed
with ΔInt vector; E, no template.al., 2000), and a large variety of plasmids and other insertion
elements also present in Sulfolobus species (She et al., 2004).
Site-specific integration into tRNA or tmRNA genes may
increase the likelihood of recombination by allowing non-
homologous recombination to take place in a stable location in
the host genome (Williams, 2003).
A Fusellovirus that does not integrate may be useful for
vector development (Stedman, in press). The obscure replica-
tion and partitioning determinants for SSV1 can be much better
studied in the absence of integration. The LIPCR technique
used here should be applicable for these studies but also for
other open reading frames as well as point mutations and
smaller deletions. For instance, the SSV1 viral integrase can be
replaced with other integrases to determine specificity of
integration or point mutations can be made in SSV1 viral
integrase gene and tested in vivo.
In conclusion, this work begins to assess the role of viral
integrase in the replication of the SSV1 virus, and the role of
integration in temperate viruses. To our knowledge, this is the
first directed functional mutagenesis study of any archaeal
virus. It will be interesting to see if viruses with replaced
integrase genes also compete well with the wild-type or if Fu-
selloviruses that lack an integrase gene can be found in the
environment.
Materials and methods
Isolation of DNA
Isolation of total DNA from Sulfolobus was accomplished
as described previously (Stedman et al., 1999). Briefly, 15 ml
of late logarithmically growing cells (OD600 nm=∼0.7) were
centrifuged for 5 min at 2000×g. The cell pellet was
resuspended in 500 μl of TEN (10 mM Tris/HCl, 1 mM
EDTA, 150 mM NaCl, pH 8.0). A total of 500 μl of TENST
(TEN plus 0.12% Triton X-100 and 1.6% N-lauryl sarcosine)
was added, and the mixture was incubated for 30 min on ice.
A total of 1 ml of a mixture of phenol/chloroform/isoamyl
alcohol (25:24:1) was added and mixed by vortexing, and the
phases were separated by centrifugation for 20 min in a
microcentrifuge at maximum rpm. The aqueous phase was
phenol/chloroform-extracted two more times, and DNA was
precipitated by the addition of 0.8 volumes of isopropanol.
The precipitate was washed twice with 70% ethanol, dried,
and dissolved in 30 μl sterile water.
Isolation of viral DNA was accomplished using alkaline
lysis technique essentially as described in Birnboim and Doly
(1979). Briefly, 100 ml of cells were treated by alkaline lysis,
followed by three extractions of 1 volume phenol/chloroform/
isoamyl alcohol (25:24:1). The DNA was precipitated by the
addition of 0.8 volumes of isopropanol. The precipitate was
washed twice with 70% ethanol, dried, and dissolved in 50 μl
sterile water.
Viral template used for long inverse PCR was further
purified by the addition of proteinase K to a final concentration
of 50 ng/μl and followed by an additional phenol/chloroform
extraction and isopropanol precipitation.
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The pKMSD48 plasmid (Stedman et al., 1999) consisting of
pBluescript II SK+ in the SSV1 virus was used to create the full
length integrase positive control virus pAJC97 (All plasmids
and strains used are listed in Table 1) by amplifying the genome
from the M13 primer sites (all oligonucleotides used are listed
in Table 2) in the pBluescript plasmid (see Fig. 1). Amplifica-
tion of this 15.5 kb insert was accomplished using Phusion high
fidelity DNA polymerase using LIPCR (Clore and Stedman,
2005). LIPCR conditions were as follows: after a 5-min
denaturation at 98 °C, reaction mixtures were subjected to
30 amplification cycles of denaturation (98 °C for 15 s) and
annealing (65 °C for 15 s), extension (72 °C for 8 min), and a
final extension (72 °C for 8 min). This amplified DNA was
ligated into the TOPO Blunt II vector using the Zero Blunt
TOPO PCR cloning kit (Invitrogen) following the manufac-
turer's protocols. The product was transformed into Stbl 3
chemically competent cells (Invitrogen) following manufac-
turer's protocols. Positive clones were screened by alkaline lysis
(Sambrook and Russell, 2001) and restriction endonuclease
digestion. Plasmids containing the appropriate restriction
fragments were sequenced across the ligation site to ensure
that correct ligation took place.
Creation of integrase minus vector
The integrase gene was removed by LIPCR essentially as
described above using the Primers Int LIPCR F and Int LIPCR
R (Table 2) that flank the integrase gene and are oriented in the
outward direction with respect to the gene. This creates a PCR
product that lacks the entire integrase gene from the start codon,
base 1968, and continuing to the end of the stop codon, base 961
(GenBank accession number X07234). LIPCR conditions were
identical to those used above. Phosphorylation of the 5′ ends of
the PCR product was completed using T4 kinase, and ligation
was completed with T4 Ligase following manufacturer's
protocols (New England Biolabs). Screening for the correct
plasmid (pAJC96) was the same as described above.
Viral transformation and detection in Sulfolobus
The pAJC97 and pAJC96 plasmids isolated from E. coli
were electroporated into S. solfataricus strain P2 and assays
for viral activity using the spot on lawn technique were done
as previously described (Schleper et al., 1992; Stedman et
al., 1999). Briefly, lawns of S. solfataricus strain P2 were
spread on Gelrite plates in a 0.2% Gelrite soft-layer with a
standard Sulfolobus media similar to that used previously
(Brock et al., 1972). About 2 μl of transformed P2 culture
were spotted on the lawns which were then incubated for 48
to 72 h until a consistent lawn was present and halos were
observed in the positive controls. All plates were made in
triplicate every 48 h post-transformation. Preparations of
viral DNA from infected strains were also analyzed by
restriction endonuclease digestion, PCR amplification using
viral specific primers Int R and Int F (see Table 2), andtransmission electron microscopy of negatively stained virus
particles (Fig. 3).
Conditions for the amplification of viral DNA with primers
Int F and Int R for diagnostic purposes were as follows: after a
5-min denaturation at 94 °C, reaction mixtures were subjected
to 35 amplification cycles of denaturation (94 °C for 15 s) and
annealing (51 °C for 15 s), extension (72 °C for 1 min and 45 s),
and a final extension (72 °C for 4 min).
TEM imaging
Specimens for TEM consisted of the supernatant of infected
cultures which were centrifuged for 15 min at 2000×g. About
2 μl of the liquid was absorbed onto a carbon/formvar grid and
negatively stained with 2% uranyl acetate for 15 s. The grid was
viewed on a JOEL 2000 TEM.
Long-term growth of viruses in culture
Infected strains of S. solfataricus were grown for 24 days in
the previously described media at 80 °C with shaking. Every
week the cultures were diluted 1:200 with fresh media. Spot
plates and PCR using Int R and Int F as described above were
used to determine the presence or absence of virus at the end of
the test.
Competition assays
Cultures infected with constructs pAJC96 and pAJC97
were grown from freezer stocks to an OD600 nm of 0.7, then
mixed and added to fresh media and grown as described
above. Ratios of 1:1, 1:10, and 10:1 were created by adding
1 ml and 10 ml or 5 ml and 5 ml of the respective cultures
to 40 ml of fresh media and incubated at 80 °C with
shaking. Samples were removed daily for DNA extraction
and the volume was replaced with fresh media to keep the
cultures actively growing. Spot on lawn tests were done to
determine viral activity and PCR with Int F and Int R
primers (Table 2) was used to confirm which virus strain
was present.
Southern hybridization
Total DNA extracts from pAJC96, pAJC97, and wild-type
virus-infected strains as well as uninfected strains were digested
with PvuII and run on a 0.8% TAE agarose gel and transferred
to nylon membranes. Chemiluminescent detection used a probe
consisting of an amplification of a 1100-bp region upstream of
the integrase gene, using the DIG high prime DNA labeling and
Detection Starter Kit II (Roche) and followed the manufac-
turer's instructions.
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